Abstract-This paper presents our discovery that self-rotation of Melan-a pigment cells can be induced by applying appropriate optical dielectrophoretic (ODEP) parameters. Under optically induced DEP force, which is generated by specific optical electrode patterns and with a band-width of AC bias frequencies, Melan-a cells can be trapped or repelled away from the optical electrodes. In addition, the self-rotation motion of the Melan-a cells was observed. In particular, the applied frequency and 
INTRODUCTION
The traditional micro-scale cells or particles manipulation adopts electroosmosis, electrophoresis, dielectrophoresis, mechanical obstacles and magnetic force. However, those methods require complex fabrication or preparation processes and often limit cell motions. For example, DEP cell trapping method requires some fixed geometric electrodes on the substrate so that they can guide the cells to flow in a particular direction when there is a DEP force [I] . Recently, scientists have shown an increased interest in using the optical dielectrophoresis (ODEP) technique for cells manipulation [2] .
Using ODEP in cells manipulation can solve the above problems. First, the system can be built easily, since it only consists of a smooth photoconductive layer, a conductive chip, a microscopic station, a power supply and a light source. It ' For infonnation related to ODEP system, contact Wen J. Li, who is a professor at the City University of Hong Kong and also an adjunct professor at The Chinese University of Hong Kong. # For information related to cell culturing and viability, contact Ken W. K. Liu, who is a professor at The Chinese University of Hong Kong. This project is partially supported by a startup fund from the City University of Hong Kong (W. 1. Li) and a Direct Grant from The Chinese University of Hong Kong (K. W. K. Liu).
978-1-4673-1124-3/12/$31.00 ©2012 IEEE 195 avoids the sometime complex micro-electrode and micro channel fabrication procedures. Second, the cells can be moved in any direction (on the plane of the chip) in the micro chamber. The position of the cells is controlled by the optical electrode under the localized DEP force. Hence, cells trapping and cells separation can be performed flexibly in the ODEP system. Since the cells are suspended in the medium, they appear to be a sphere-like shape under the microscope. Hence, the time averaged DEP force acting on a suspended cell [3] is expressed as (1) where em is the dielectric permittivity of the medium, R is the radius of the particle, K(w) is the Clausius-Mossotti (CM) factor, w is the applied angular frequency across the medium, and E is the electric field. The CM factor is expressed as:
where e�' = e -i(J'�bJj, and i = 'P orm, denotes the particles and the medium, respectively, and (]' is the conductivity. The direction of the DEP force is determined by the sign of the real part of the CM factor. If R.e[K(w)1 >-0, a positive DEP force is generated. The particles tend to move towards a strong electric field region. If R.e[K(w)] 0::: 0, a negative DEP force is generated, and hence the particles are pushed towards a weak electric field region. An animal cell consists of a nucleus, cytoplasm, and other organelles and is surrounded by a membrane. It can be considered as a single-shell model instead of a homogeneous sphere, as shown in Fig. 1 . Assume that the transconductance gw can be negligible, the complex dielectric permittivity of the medium e:m " is given by [4] :
where 1" 5' = csft,!fJc and 1" 5' = csft,!fJc ' Substituting Equation (3) into (2), CM factor .N(w) becomes where 'r' m = cJ?,!fJm and 1" m = e.mlfJm·
In literatures, several groups have reported that the particular cells could rotate in a two-phase-shifted DEP E field, and in a travelling wave DEP due to electrorotation [5] . The real part of Equation (4) determines the direction of DEP force, while the imaginary part of Equation (4) determines the electrorotation of the particles in the rotating E-Field. DEP states that the action of an externally applied E-field on a polarizable particle results in the formation of an induced dipole moment. When a dipole sits in a uniform E-field, each charge on the dipole is parallel to the field, hence, it experiences a torque. If the field vector changes in direction, the induced dipole moment vector must realign itself with the E-field vector, causing the particle rotation. The torque of the particle in a rotating E-field [3] is expressed as, (5) Electrorotation occurs if the E-field has a spatially dependent phase, otherwise Im[.N(w)] = O . Dielectrophoresis and electrorotation are common tools to measure the dielectric properties of biological cells [5] . The data obtained can be used as identification of cells, or forming a cell library. Scientists and engineers often use these electrical parameters for cells manipulation, such as cells separation and transportation using DEP or ODEP.
Our group has performed the self-induced rotation of Melan-a cells in an ODEP system. The cells could rotate during stationary and translational motion in a non-uniform E Field. Noticeably, the generated AC E-field in OET does not rotate to cause electro-rotation, hence, zero torque is generated according to Equation (5) . 
Op toelectronic tweezers (OET)
The OET device is composed of a sandwich structure illustrated in Fig. 2 . The top layer is a glass coated with a conductive and transparent Indium Tin Oxide (ITO) thin fihn. The bottom layer is an ITO glass coated with a photoconductive material, and a 0. 3 flm hydrogenated amorphous silicon (a-Si:H) thin fihn. The middle layer is a spacer with a thickness of 100flm used to contain samples.
The fabrication of the glass-ITO-a-Si:H structure was described by Gwo-Bin Lee et al. [6] . It was further processed by etching a part of the a-Si:H for electrical connection. An area of 5mm x 8mm a-Si:H was patterned by standard photolithography and dry-etching, using Oxford Plasma Lab 80 Plasma Etching System with 2% oxygen, 12. 5% CF4 gas, 30mTorr etching chamber, and 6-minute plasma exposure. Finally, the chip was rinsed and cleaned by acetone and DI water, and was blown dry by Nz gas.
B. The ODEP System
The ODEP system is shown in Fig. 3 . The OET chip was placed on a 2D stage which is integrated into an optical microscope (Nikon ECLIPSE TE2000-U).
Light was projected from a commercial projector (DELL 1510X) and then passed through the ITO glass and liquid medium, and finally was focused on the a-Si:H surface. Light image patterns were controlled by a computer. The cells' motions were recorded by a high speed camera (PCO 1200S) through 40x objective lens. The top and bottom ITO glass chips were connected to an AC signal generator and CRO. In each set of the experiment, a drop of cell solution was injected into the OET device and there was no net fluid flow in the micro chamber. The applied frequencies for cells manipulation were from 10kHz to 300kHz, and the applied voltages were from 6V to 20V peak to peak.
C. Cells Preparation
The melanomas from mouse, Melan-a pigment cells and Raw 264. 7 (Mouse leukemic monocyte macrophage cell line) non-pigment cells were processed and suspended in O. 2M sucrose in DI water. The measured conductivity of the sucrose is 0. 37mSm-l.
D. Rotation Measurement
The cells' motions were captured by a high speed camera and saved as a movie in avi format, 25 frames/sec. The frame images in bmp were extracted by a software called Trfan View. The velocity and the angular speed were obtained by importing the bmp images into the MA TLAB program. 
Ill. CELLS ROTATION EXPERIMENTS

A.
Cells Behavior Under ODEP System 1) Melan-a pigment cells
Melan-a cell is a type of melanomas which are malignant tumors of melanocytes. Melanocytes are melanin-producing cells located in the bottom layer (the stratum basale) of the skin' s epidermis. Melanin is commonly found in most organisms. It determines their color of skin, hair, and iris of the eye. The Melan-a cell' s size varies from 50flm to 100flm, and appears as a sphere-like shape in the medium, although its membrane is not smooth.
Frequencies from 25kHz to 300kHz have been used for testing. Results are listed in Table I . The Melan-a cells were at rest initially where there was no light and no AC voltage applied.
When the light spot was projected on the a-Si:H and the AC voltage with peak-to-peak value of 20V, 25k to 300kHz was switched on, the cells which were outside the spot started to move and accelerate towards the spot due to a positive DEP 197 force. At the same time, they also rotated in the direction towards the spot with the axis of rotation along x-y plane (please refer to Fig. 2) . Then, some cells moved into the spot and then stopped, while other cells stayed stationary at lO-15 flm near the spot, and kept rotating. If the spot moved to other positions, the cells near the spot would follow the moving spot, and again, they would not move into the spot, rather, they rotated and kept a distance of 10 to 15 flm from the spot. This DEP force field also affects the cells which were far from the spot. We observed that the cells which were 200flm away from the spot rotated but remained stationary once the DEP field was applied.
On the contrary, the cells already attracted to the spot did not rotate. They would burst if the applied frequency was less than 25kHz in 20Vpp. Fig. 4 shows the cells rotation near the spot. The rotation speed of cells is around 90 rpm (i. e. , 1 cycle takes 0. 68sec). The rotation direction of Cells A and B was towards the spot, while Cell C was away from the spot. However, all three cells have three behaviors in common: (i) they initially moved towards the spot by a positive DEP and the spinning rotation was the same; (ii) they would not enter the spot; and (iii) they stayed and self-rotated near the spot.
The simulation plot of the distribution of the magnitude and direction of the electric field at the applied voltage of 20Vpp at 100kHz, is showed in By considering the weight and density of Melan-a cells, this simulation result can explain that they would not tend to move inside the spot, and they kept IOIlill to 151lill from the spot, although they experienced a positive DEP force with the applied frequency 100kHz.
2) Raw 264. 7non-pigment cells
The Raw 264. 7 is a cell line of Abelson murine leukemia virus-induced tumor from the mouse leukaemic monocyte macrophage. This Raw 264. 7 macrophage cells do not contain pigments. The cells were measured to be around lOl1m in the OET device. They experienced a negative DEP force in a range of 50kHz to 150kHz with the applied voltage 20Vpp. The cells which were in both bright-field region and dark-field region did not rotate in all applied frequencies, from few kHz to 3MHz. Fig. 6 shows the Raw 264. 7 cell was expelled away from the light pattern at a speed of 2I1m/s. During its translational motion, no rotation was observed.
B. Investigation of Induced Self-rotation
Cell rotation can be identified by tracking the change of the cells' structure, such as the shape of the organelles inside the cells and the shape of the cells. Since the cells (both Melan-a and Raw 264. 7 cells) are not perfect spherical in the medium, we can easily observe the rotation behavior of the cells under the microscope by tracking the change of the cells' geometry. The rotation phenomenon was only observed for the Melan-a cells, the pigmented skin cells in the specific range of frequency and voltage. Melan-a cells only rotate in the dark field region no matter they are stationary or moving towards the projected image listed in Table IT . In addition, the Raw 264. 7 cells did not rotate.
Self-rotation of the Melan-a was observed when they were experiencing a sufficient positive DEP force. The minimum voltage applied to cause self-rotation in our configuration is 3V and the frequency applied is less than 300kHz. The larger the voltage applied, the faster the cells spun. In terms of frequency, the cells started rotation when the frequency is less than 300kHz. The cells were observed self-rotation 10 11m near the spot. However, there are no rotating fields in that region, as shown in Fig. 5 . We highly suspect that it is related to the uneven mass distribution of the cells caused by the unbalanced distribution of melanin. If the centre of gravity (e.O.) of the pigment cells is not at the geometric centre, it is possible that the DEP force creates a torque on the cells. Hence, this physical property of the Melan-a cells causes them to undergo self-rotation. Since, the direction of rotation depends on the AC E-field direction, the induced moment of the cells mainly comes from the DEP force as stated in Equation (I) . Cell manipulation using ODEP technology was conducted using OET device and the results are discuss in this paper. The motion study of two cells, Melan-a pigment cells and Raw 264. 7 non-pigment cells had been performed in the experiment. The self-rotation of Melan-a cells (pigmented cells) in the dark-field region were observed. The Melan-a cells experience a positive DEP force only from 25kHz to 300kHz. However, Raw 264. 7 cells (non-pigment cells) did not rotate at all throughout the experiment. Results show that the frequency and voltage applied do affect the rotation speed. It is speculated that the uneven distribution of the melanin inside the cells causes the induced moment. Results of this self-rotation phenomenon of the pigment cells imply the possibility of using the rotating speed to predict the physical properties of the cells. Tn addition, it may also be used as biomarkers for cell discrimination in the future.
